The remarkable homing ability of salmon relies on olfactory cues, but its cellular basis is unknown. To test the role of peripheral olfactory receptors in odorant memory retention, we imprinted coho salmon (Oncorhynchus kisutch) to micromolar concentrations of phenyl ethyl alcohol during parr-smolt transformation. The following year, we measured phenyl ethyl alcohol responses in the peripheral receptor cells using patch clamp. Cells from imprinted fish showed increased sensitivity to phenyl ethyl alcohol compared either to cells from naive fish or to sensitivity to another behaviorally important odorant (L-serine). Field experiments verified an increased behavioral preference for phenyl ethyl alcohol by imprinted salmon as adults. Thus, some component of the imprinted olfactory homestream memory appears to be retained peripherally.
Salmon are well known for their ability to return to the stream in which they were spawned to reproduce and complete their life cycle. The sensory basis for home stream selection is olfactory: during a sensitive developmental period (parrsmolt transformation), salmon imprint to site-specific odors, and adults later use this odorant memory as a migratory cue to guide them back to their natal streams (1, 2) . In support of this hypothesis, numerous investigations have shown that salmon can detect, imprint, and home to synthetic chemical odorants such as morpholine or phenyl ethyl alcohol (PEA) at submicromolar concentrations (3) (4) (5) .
Despite the extensive behavioral evidence linking olfactory imprinting to salmon homing, attempts to trace the neurobiological basis of homestream memory and recognition have proven inconclusive. Studies using electroolfactogram recordings have reported that imprinted fish show significantly greater responses to specific imprinted odorants than do nonimprinted fish (6, 7) , but other researchers have claimed that these "imprinted" odorants consistently fail to elicit increased electrical activity at the level of the olfactory bulb in imprinted as compared to nonimprinted fish (8) (9) (10) .
In this study, we have combined patch clamp recording and behavioral imprinting assays to test directly the hypothesis that a change in the sensitivity of peripheral olfactory receptor cells contributes to establishing an olfactory memory in salmon. Our results demonstrate that plasticity in the peripheral olfactory system at the receptor cell level is linked to olfactory imprinting (11, 12) .
METHODS
All investigations were performed on coho salmon spawned from the University of Washington's School of Fisheries stock. Details of imprinting paradigms, electrophysiological techniques, and behavioral methods are given below.
Imprinting Procedures. Determination ofparr-smolt transformation. To achieve parr-smolt transformation by the first spring (0-age), fish were maintained at slightly elevated water temperatures (14-160C) and fed ad libitum. Fish were handculled to avoid exposing them to harsh drugs or other chemicals commonly used as disease preventatives in salmon culture. Parr-smolt transformation was determined by coloration changes, a behavioral tendency to orient downstream, and the ability of fish to maintain blood plasma Na+ levels to within 5% during a 48-hr exposure to salt water (freshwater exposure: 152.9 ± 1.2 meq of Na+ per liter of blood plasma, n = 10; saltwater exposure: 159.0 ± 1.7 meq ofNa+ per liter ofblood plasma, n = 8) (13) (14) (15) . To determine plasma Na+ levels, salmon were transferred from their rearing hatchery (130C) to holding tanks containing either aerated fresh filtered hatchery or sea water (27 ppt; 120C). After 48 hr, blood was collected using heparinized capillary tubes and immediately centrifuged to remove plasma. Plasma osmolality (mosM) was determined in duplicate using a vapor pressure osmometer and converted to plasma Na+ (meq/ liter) using an empirically derived regression equation for coho salmon: (meq/liter = 0.391 x mosM + 30.708, R2 = 0.87, P < 0.01) (16) .
Imprintingparadigm. Once parr-smolt transformation was established for the cohort, we separated fish into experimental and control groups. The experimental group was imprinted for 10 days by adding phenyl ethyl alcohol (PEA) to the water intake to reach an effective overall concentration of 10-7 M; control fish were never exposed to PEA. Experimental (PEA-exposed) and control (PEA-naive) groups were marked and transferred to a common outdoor freshwater rearing facility.
Electrophysiology. Recording techniques. Patch pipets were prepared from standard VWR micropipet glass using a two-stage pull and were not fire-polished. Pipets were filled with salmon Ringer solution [composition (mM): 130 NaCl, 3 CaCl2, 1 MgCl2, 5 KC1, 5.5 glucose, and 10 Hepes buffered to pH 7.4]. Pipet resistances were 5-10 MW. Voltage outputs were recorded and referenced to a silver wire isolated from the bath via an agar bridge. Records were filtered at 2 kHz using a filter with an eight-pole Bessel characteristic. Data were digitized, stored, and processed using a standard laboratory microcomputer.
Experimental protocol. Olfactory receptor cells were removed and isolated for cell-attached patch clamp recording using the techniques of Nevitt and Moody (17) . Upon the formation of a 5 to 20 GfQ seal, the pipet potential was held slightly negative, and spontaneous activity was recorded. The odorant pipet was lowered into the chamber and positioned near the cell such that both the odorant pipet and the cell were situated near the bottom of the chamber, close to the chamber floor. A brief (i.e., 0.5 sec) spritz of stimulus odorant (either PEA or L-serine; Figs. 1 and 2, arrows) was then delivered at pipet concentrations of 10-5-10-8 M from Abbreviation: PEA, phenyl ethyl alcohol. tTo whom reprint requests should be addressed at the present address: Institute of Neuroscience, University of Oregon, Eugene, OR 97403.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. a distance within 100 ,um of the dendritic knob ofthe cell. The odorant thus had to diffuse this distance before reaching the cell. We specifically devised this stimulus paradigm to eliminate or greatly reduce mechanical artifacts caused by spritzing. Based on measurements of the initial dispersal of experimental dye spritzes, and assuming a diffusion coefficient of 10-6 cm2/sec for each odorant, we estimate that the actual odorant concentration reaching cells was on the order of a 1000-fold less than the pipet application concentration, with peak concentration reaching cells within 20 sec (18) . Spritz pulse, pipet diameter, and pipet-cell distance were kept constant to ensure control between trials. Each cell was stimulated using only one pipet concentration.
Analysis. Data were collected and digitized blindly and analyzed for gross changes in electrical activity coincident with odorant application. Negative deflections suggesting inward current activity (19) or biphasic action potentials (20) (e.g., Fig. 1A , first trace) were quantified by sampling the first 20 sec (four 5-sec intervals) of activity during a 30-to 40-sec period before the odorant pipet was lowered into the bath. Sample records of this baseline activity are shown in Figs. 1 and 2. An average current value for background activity was subsequently determined by integrating the net inward current for each interval, adding them up and dividing by 4. Average current values for odorant responses were also integrated and averaged over 20 sec (four continuous 5-second intervals), starting at the response onset. We defined the response onset to be the first 5-sec interval showing a 100%o increase in background activity within 1 min following odorant application. For cells that did not show such an increase in activity, sampling was initiated at the average time required for the onset ofresponses in other cells (27 sec). Spiking activity was determined by counting spikes using the same basic procedure, except that spiking events were additionally verified by visual inspection of data records.
Behavior. Experimental apparatus. Behavioral experiments were conducted from Nov. 11 to Dec. 12, 1989 , in a two-choice arena constructed in a controlled flow experimental stream channel located at the University of Washington's Big Beef Creek Research Station. The experimental arena consisted of two contiguous gravel-lined sections: a large upstream section (23.7 m x 6.2 m, 0.35 m water depth) separated by a low (0.2 m) waterfall from a smaller downstream section (15.3 m x 1.4 m, 0.75 m water depth). The upstream section was divided into two arms by a 10.0-m concrete barrier extending downstream from the channel inlet. Funnel traps constructed in each arm allowed fish to move upstream into either arm but did not allow them to leave. Water for the arena was taken from Big Beef Creek at a point 0.4 km above the channel inlet. During the course of the study, water flow in each arm varied between 50 and 70 liters/sec but was always equivalent in both arms of the maze.
Experimental protocol. On Nov. 11, 1989, 25 tagged mature salmon from each group were transported from Seward Park Hatchery and released into the downstream section of the experimental arena. Fish were allowed to move freely within the arena until they entered a trap. Each day, trapped individuals were removed and their arm choice was recorded. Twice a week, equivalent numbers of new fish from each experimental group were released into the maze to replace them. We continued this procedure until 110 fish from each experimental group had been tested. From Nov. 11 to Nov. 14, 1989 , no PEA was metered into the maze and fish making choices during this period were designated as "no PEA present" controls. Between Nov. 15 and Dec. 12, PEA was continuously metered into the inlet of arm B of the maze to give a concentration of 10-7 M PEA. The PEA drip was adjusted daily to maintain this concentration throughout the study.
Analysis. The responses of the two experimental groups in the presence and absence of PEA were compared using a x2 contingency analysis (21) . We assumed that all fish were acting independently. Fish that did not enter either trap were excluded from the analysis.
RESULTS
On December 1, 1987, we collected, pooled, and fertilized 10,000 eggs from adult coho salmon that had returned to spawn at the University of Washington School of Fisheries Hatchery. We reared these fish at the University of Washington until parr-smolt transformation the following spring (22) . During the following fall and winter, olfactory receptor cells were isolated from both PEA-exposed and PEA-naive fish using previously described procedures (17) . Isolated cells were tested for responsiveness to either PEA or L-serine, a well-established, innate olfactory repellant for salmonids (23, 24) . In addition, we performed behavioral experiments on the same cohort to confirm the success of our imprinting paradigm. Details of patch clamp and behavioral results are described below.
Electrophysiology. Olfactory receptor neurons were isolated from fish 6-9 months following our imprinting protocol. To record cellular activity, we used the cell-attached mode of the patch clamp recording method. This approach allowed us to monitor single cell responses to odorants, while avoiding disruption of the intracellular milieu required for odorant transduction and maintenance of whole cell currents (12, 25, 26) . Using this recording configuration, cells typically responded to odorants (PEA or L-serine) applied at micromolar pipet concentrations with rapidly activating bursts of inward current or, more variably, biphasic action potentials (see Figs. 1 and 2) . The variability in spiking probably reflects subtle differences in the resting potentials of these highresistance (12) dissociated cells, which we were unable to control using this recording configuration (20) . Bursts of inward current were more predictably activated by odorants and were similar to odorant-activated single channel events described elsewhere (19) . These bursts reversed direction at positive pipet holding potentials but could not be activated by varying the pipet potential in the absence of odorant or by the application of odorant via the recording pipet. For most recordings, single channel activity was difficult to resolve due to the extremely short (<2 msec) open times of odorantinduced channels.
Qualitatively, olfactory receptor cells isolated from PEAexposed fish showed strikingly more robust responses to PEA than did cells isolated from PEA-naive fish (Figs. 1 and  3A) . Quantification of the bursts of inward activity that comprised the bulk of the PEA responses were significantly different between cells isolated from fish with different histories of PEA exposure, but only at higher PEA application concentrations (Fig. 3A) . This effect was apparently not due to a generalized increase in excitability of odorant responsiveness in these cells, since cells isolated from either PEA-exposed or PEA-naive fish responded similarly to L-serine ( Figs. 2 and 3B ). Although mean averages suggest that, in the absence of PEA exposure during smolting, the receptor cell responsiveness to PEA is reduced (i.e., Fig. 3A ) (20) , the only statement we can make with statistical certainty is that cells isolated from PEA-exposed and PEA-naive fish are different at 10-6 M (24) . In contrast, differences in responsiveness to L-serine were not significant at any concentration tested (Fig. 3B ). Neither odorant elicited increases in action potential activity.
Behavior. To confirm the success of our imprinting paradigm, fish of the same cohort were behaviorally tested for responsiveness to PEA in a two-choice, controlled flow experimental stream channel constructed in the field (see from olfactory receptor cells isolated from experimental (PEA-exposed, A) and control (PEA-naive, B) fish. Each trace was recorded from a different cell. Odorantinduced bursts of inward current and biphasic action potentials are clearly visible. Arrowheads indicate the time of odorant application. Traces show additional representative baseline activity before the odorant pipet was introduced into the recording chamber. Records containing noise artifacts caused by lowering the odorant pipet into the solution have been removed for clarity. Typical responses are shown for the PEAexposed group, whereas those shown for the PEA-naive group are the most robust we observed for that group. Experiments were limited to this concentration range because higher pipet concentrations (10-5 M) caused cells isolated from PEA-exposed fish to appear to become so leaky that Gil seals were difficult to maintain. We were therefore unable to statistically examine responses from either group to pipet concentrations higher than 10-6 M for this odorant. Note that because PEA was applied from a distance (100 pm), we estimate that the actual odorant concentration reaching the cell to be lower than the pipet application concentration, with peak concentrations reaching cells within 20 sec (see Methods) (18) . Calibrations: 8 pA; 4 sec; for PEA-exposed, trace 3: 8 pA; 5.3 sec.
Methods). At maturity, PEA-exposed and PEA-naive fish were marked and released downstream of the divided portion of the channel to determine any baseline preferences they might have for either arm in the absence of PEA. Results indicated that, without PEA present, both PEA-exposed and PEA-naive fish tended to avoid one arm of the divided channel (arm B; Fig. 4 , unshaded bars). We subsequently metered PEA into the inlet of the less preferred arm (arm B) to give an overall concentration of 1o-7 M. When fish were tested under these conditions, PEA-naive salmon continued to select arm B at a level statistically indistinguishable from responses in the absence of PEA (Fig. 4 , "PEA-naive"; compare open and shaded bars). In contrast, fish that had been exposed to PEA during parr-smolt transformation displayed a statistically significant increased tendency to select arm B once it was scented with PEA ( Fig. 4 ; "PEAexposed"; x2 = 10.04; P < 0.05; x2 contingency analysis) (21) .
DISCUSSION
Our results show that exposure to micromolar concentrations of PEA for as little as 10 days during a sensitive period for olfactory imprinting (parr-smolt transformation) was correlated with a specific increase in the responsiveness of olfactory receptor cells to PEA when tested 6-9 months later. Furthermore, this same exposure caused an increased behavioral preference of mature fish for micromolar concentrations of PEA when these fish would normally be returning home. These behavioral responses are compelling since 10-8 M, 7 naive and 8 exposed; 1O-7, 6 and 6; 10-5, 8 and 6.
Differences were not significant at any concentration tested. Results are based on data collected from >40 fish. salmon reared exclusively in a hatchery may have impaired homing ability or motivation compared to wild fish (A.H.D., unpublished data). Together, these results suggest that a functional plasticity in the peripheral olfactory system may play a role in olfactory imprinting. To date, most studies of olfactory imprinting have focused primarily on birds and mammals. These studies have implicated changes in central processing in the main or accessory olfactory bulb in the formation of olfactory memories (27) . For example, the phenomenon of "pregnancy block" in female mice is considered a model system for studying olfactory imprinting (28) . During a critical period after mating, female mice form a long-term memory of urinary odor cues from the mating male. Subsequent exposure to the pheromones of an unfamiliar male initiates neuroendocrine mechanisms in the recently mated female that terminate pregnancy. Ifthe female is exposed to the odor ofthe familiar male, however, the pregnancy is not terminated. Pharmacological and lesion studies indicate that memory of the mating male's pheromones is formed at the level of synaptic connections of mitral cells in the accessory olfactory bulb (28) . Similarly, formation of olfactory memory in other mammals including sheep, ferrets, rabbits, and rats is thought to occur in the olfactory bulb (27, 29) . Though changes in central processing are probably also important in salmonid olfactory imprinting, our results indicate that odorant-induced changes in the peripheral olfactory system may also play a role in establishing a long-term imprinted olfactory memory in vertebrates.
How might odorant exposure during a sensitive period alter receptor sensitivity? In salmon, as in mammalian systems, hormonal regulation is thought to be important in the formation of olfactory memory. Fluctuations in plasma hormone titers, including surges in thyroid hormone levels (T4), correlate strongly with smolting (13, 14) , and it has been proposed that homestream imprinting results from a permanent, hormonally mediated adjustment in olfactory sensitivity to odorants present at smolt transformation (2) . Though a direct link between increased plasma T4 levels and olfactory imprinting has been questioned (A.H.D., unpublished data), considerable evidence suggests that olfactory learning is associated with increased thyroid hormone activity (2, 30, 31) . For example, coho salmon fail to home to artificial odorants experienced at early life stages when thyroid activity is comparatively low. However, artificially elevating T4 to smolting levels has been shown to stimulate precocial imprinting, even at early life history stages (32, 33) .
Since thyroid hormones are known to couple to protein synthesis via nuclear receptors, these hormones might directly alter olfactory receptor cell sensitivity to homestream odors. Evidence from catfish suggests that undifferentiated precursor cells do not yet express odorant receptors (34) . Therefore, it is unlikely that a hormonally primed receptor cell sensitivity to specific imprinted odorants could occur in undifferentiated precursor cells in salmon. Instead, this finding implies that this change in receptor neuron sensitivity occurs after olfactory receptor neurons have matured to the point of expressing odorant receptors. Our data suggest two possible mechanisms of hormone action: First, binding of specific ligands (odorants) to membrane-bound receptors in the presence ofhormone could trigger an increased functional expression of those receptor proteins (35) (36) (37) (38) (39) (40) . In an alternative scenario, hormones could promote a proliferation of olfactory receptor neurons that are sensitive to a wide variety of odors present in the homestream environment. Different clones of receptor neurons that were most active (i.e., responsive to homestream odorants) might then survive to find synaptic targets in the olfactory bulb, thus establishing a peripheral homestream memory. This punctuated proliferation and selective survival of olfactory receptor neurons could speculatively lead to a reorganization of glomerular structures within the bulb as well.
In support of the proliferation/clonal selection hypothesis, results from recent studies challenge established dogma that olfactory receptor cells undergo continuous replacement or Neurobiology: Nevitt et aL .,f.) "turnover" throughout life (41) and implicate thyroid hormones as regulators of neurogenesis and maintenance in the peripheral olfactory system. For example, thyroid hormones (T3 and T4) promote neurogenesis and cyto-architectural changes in peripheral olfactory systems of other vertebrates, while hypothyroidism reduces turnover of populations of olfactory receptor neurons (42) (43) (44) (45) (46) . In addition, thyroid hormones are also well established as selective promoters of cyto-architectural changes, including increases in dendritic arborization ofneurons (47) (48) (49) (50) , synaptogenesis in the central nervous system (51) , and increased functional expression of specific membrane receptors (38, 39, 52, 53) .
Recent work with salmon further suggests that the peripheral olfactory system is plastic and may be sensitive to hormonal events, particularly at parr-smolt transformation. For example, patch clamp studies of coho salmon (Oncorhynchus kisutch) have documented consistent differences in outward current components in olfactory receptor cells isolated before and after smolting, possibly reflecting differences in the receptor cell population at these two life stages (17) . Anatomical studies of Atlantic salmon (Salmo salar) suggest a quadrupling of olfactory receptor cell number during smolting as well as specific modifications in the olfactory bulb neuropil during this transition (54) . Although the potential involvement of thyroid hormones in promoting these neuroanatomical changes is not known, recent studies indicate an enrichment of T3 receptors in the olfactory epithelium of smolting masu salmon (Oncorhynchus masou). ¶ Finally, studies of rainbow trout (Oncorhynchus myksiss) show nine distinct terminal olfactory receptor cell projection fields ranging in size from 1% to 35% of the glomerular layer, but the functional relevance of this segregation is unclear (55, 56) . Questions concerning the natural development as well as the sensitivity of these projection fields to hormonal modulation are waiting to be addressed.
In conclusion, our results show that isolated ciliated olfactory receptor cells are electrically responsive to behaviorally appropriate concentrations of known odorants. Our results further suggest a behaviorally relevant difference in the responsiveness of receptor neurons to PEA, depending on prior exposure of fish to this odorant during parr-smolt transformation. This result does not contradict evidence implicating forebrain plasticity in establishing imprinting but implies that some component of olfactory imprinting may be occurring in the periphery.
